I. INTRODUCTION

P
-TYPE GaN is an important semiconductor material for optical and electronic devices. Growth of p-GaN with sufficient hole concentrations has been difficult. Usually, hole concentrations of about 10 cm can be achieved by activating the highly resistive as-grown samples doped with Mg at temperatures higher than 700 C [1] - [5] . Due to the low hole concentrations ( 10 cm ) and the high barrier height of metals on p-GaN [6] ( 2.0 eV), a strong rectifying junction is expected for Schottky contacts on p-GaN. However, it is often observed that Schottky contacts on activated p-GaN usually exhibit leakycharacteristics, rendering the measurement of Schottky barrier heights difficult using -and -methods [7] . As a result, very limited information on the barrier heights and acceptor concentrations obtained by the conventional -and -methods are available in the open literature [8] , [9] . In this paper, the origins of large leakage currents of Schottky contacts on p-GaN was explored using sequential etching of surface region and temperature dependent current-voltage ( --) and capacitance-voltage ( -) measurements. Three types of concentration were mentioned in this study: 1) Mg dopant concentration, 2) acceptor concentration, , and 3) hole concentration, p. Mg atoms introduced into GaN during the MOCVD growth usually were passivated by the H atoms. This causes the Mg atoms to become inactive, rendering the as-grown p-GaN samples highly resistive. The total amount of Mg doped into GaN can be measured by secondary ion mass spectroscopy, SIMS. After annealing at temperatures higher than 700 C, certain amount of H atoms are released from the Mg-H complexes; Mg atoms, thus, become acceptors, , which can provide holes. However, the hole concentration depends not only on the acceptor concentration, , but also on the ionization energy,
, and the temperature. Due to the large ionization energy of Mg ( 125-215 meV) [4] , the hole concentration at room temperature is usually much smaller ( 2 orders of magnitude) than the acceptor concentration. Using the temperature dependence of hole concentration measured by Hall effect, the average acceptor concentration of the entire p-layer can be deduced. -measurement of Schottky diodes on p-GaN can provide the acceptor concentration at the edge of the depletion layer; thus, the depth profile of the acceptor concentration can be obtained by sequential etching and -measurements.
II. EXPERIMENT
Mg-doped GaN samples with a layer thickness of 1.4 m on a buffer layer of about 30 nm in thickness were grown on (0001) sapphire substrate using MOCVD. The Mg concentration was estimated to be 5 10 cm near the surface region and decreased to 2 10 cm using secondary ion mass spectroscopy performed on calibration samples grown in a similar fashion. The highly resistive as-grown samples were divided into two groups for activation. The first group was activated at 950 C for 5 s and the other group at 750 C for 5 min, both in flowing nitrogen ambient. After activation, the samples were characterized using the hot probe and Hall effect measurements (Van der Pauw configuration). The top view of the Schottky diodes and the ohmic contact bars is shown in Fig. 1(a) . Ohmic contacts were made on the activated samples after cleaning in organic solvents, and lightly etched in a HF : HCl : H O solution. The ohmic metallization consisting of a bilayer of Au/Ni (200 Å/200 Å)/p-GaN was deposited using e-gun evaporation, followed by annealing in air at 500 C for 10 min [10] . The Schottky diodes electrical behaviors were investigated repeatedly after sequential removal of the surface layer of the samples using reactive ion etching, RIE, with CCl F as a gas source. After each electrical measurement, the Ni Schottky contacts were first removed using HCl and HF, followed by etching the GaN surface using RIE and the deposition of Ni Schottky contacts on the etched surface. The etch depth was measured with a profilometer (DEKTAK). The "hot probe" and -behaviors showed that the sample remained p-type after each etching step. Fig. 1(b) shows the schematic side view of the sample after etching. Ni Schottky diodes were made in both etched and unetched portions of the sample. We used this structure to examine the possible surface leakage due to processing, as explained in the following section. Fig. 2 shows the dependence of the hole concentration measured by Hall effect on the reciprocal of temperature for a sample activated at 750 C for 5 min. Similar temperature dependence of the hole concentration was also obtained on samples activated at 950 C for 5 s. This observation is in agreement with the theoretical prediction based on a hydrogen release model, [11] in that these two activation processes release similar amount of H from the sample and would lead to similar hole concentrations. Using a simple model with a single acceptor level,
III. RESULTS AND DISCUSSION
A. Temperature Dependence of the Hole Concentration
, and a single compensating donor level, , the acceptor concentration, , and compensating donor concentration, , as well as can be extracted by fitting the experimental data to the following equation [4] , [12] : (1) where is the temperature, the Boltzmann constant, the acceptor degeneracy factor (assumed to be 4) and the effective valence band density of states. The value of was calculated using the following equation: (2) where the effective mass of hole, , was taken to be 2.2 and the Plank constant.
was calculated to be 1.2 10 cm at room temperature using (2) . An acceptor concentration of 1.3 10 cm and a compensating donor concentration, , 1.2 10 cm were obtained by curve fitting the experimental results in the high temperature region shown in Fig. 2 to (1). An acceptor ionization energy, , of 192 meV was also obtained by this curve fitting in agreement with reported results [4] . The compensation ratio was found to be 0.092. This ratio was smaller, in general, than the reported values between 0.1 and 0.58 [4] , [14] , suggesting that our p-GaN samples were of reasonably good quality. At the low temperature region the hole concentration deviated from (1), suggesting that the transport was likely due to hopping or impurity-band conduction in highly doped semiconductors [2] , [4] .
B. Schottky Barrier Behavior as a Function of Depth
Ni Schottky diodes were made on p-GaN samples activated both at 950 C for 5 s and at 750 C for 5 min. The current-voltage, -, characteristics of the Schottky diodes on both types of as-activated samples were quasiohmic. This observed nearly linear -behavior can be due to junction leakage or surface lateral leakage or both. To examine the origin of the leaky -behavior, electrical measurements were made on a specially designed sample structure. Fig. 1(b) shows a schematic diagram of such a sample, where ohmic contacts were made on the unetched surface, Ni Schottky diodes were made on both the etched ( 150 Å removed) and unetched portions of the sample. Fig. 3 shows the -behavior between various contacts. It can be seen that the -curve was quasiohmic between ohmic contact D and Schottky contact B, both on unetched surface, but separated by an etched area. The -curve between Schottky contact C (two rows of Ni Schottky diode on the etched surface) and contact D (ohmic) showed rectifying characteristics. This observation strongly suggested that the quasiohmic behavior was primarily due to junction leakage, and not a result of surface leakage shunting the Schottky diode.
The temperature dependence of the current-voltage behavior, --, was investigated at etch-depths of 150 Å, 1200 Å, and 5000 Å. Fig. 4 shows the --characteristics for the diode at an etch-depth of 1200 Å. It can be seen that the versus curves had about five decades of linear region, and that the curves measured at temperatures ranging between 24 C and 140 C were parallel. Similar results were also observed on samples etched to different depths, i.e., temperature independent slopes and deviation from linearity at higher voltages ( 2 V) due to series resistance. This parallel behavior is in marked contrast to that predicted by the Schottky diode equation based on the thermionic emission model [12] (3) where is the barrier height, the ideality factor, the device area, the effective Richardson constant, and have the usual meanings. The value of can be calculated using . The thermionic emission model (3) predicts a dependence of the linear region of the versus curves, in contrast to the parallel slopes of the curves, shown in Fig. 4 . This parallel behavior of the -curves is commonly observed for carrier transport with a dominant tunnel component [12] , [15] . It is more appropriate to analyze thecharacteristics using a tunneling model
where is the acceptor concentration, the dielectric constant of semiconductor, a parameter related to the temperature and the Fermi level in the semiconductor. The parameter is a characteristic energy related to the tunneling probability. The value of increases with the square root of . The defect-assisted tunneling across the barrier would lead to an value larger than that calculated by (4b) based on acceptor concentration alone [15] . According to (4a), the slope of lncurves is independent of temperature. The parallel shifts ofcurves were due to the temperature-dependent pre-exponential factor, . Furthermore, the slope of the versus linear region yields the value of . Based on the tunneling transport model and the experimental results, we deduced values of 0.20 eV, 0.11 eV, and 0.09 eV for samples etched to depths of 150 Å, 1200 Å, and 5000 Å, respectively. For values smaller than , the -characteristics follow the thermionic emission model. However, the experimental values of were much larger than , suggesting the dominance of tunneling currents. The acceptor/defect concentration within the top 150 Å of the surface was much higher than that those measured at greater depths. The junction leakage of the unetched sample, therefore, appeared to correlate with a highly doped and/or highly defective surface layer, resulting in carrier transport by significant tunneling across a thin surface layer.
C. -Measurement as a Function of Depth
-measurements were made on the diodes at each depth to characterize the acceptor concentration. For a uniformly doped semiconductor, is linearly related to and is given by the following equation [12] : (5) where is the built-in potential. The acceptor concentration and the flat band voltage can be deduced from the slope and the intercept of the 1/ versus plot, respectively. The equivalent circuit of a Schottky diode is shown in Fig. 5(a) , where is the true junction capacitance, the junction conductance and the series resistance. Using the parallel mode of our -measurement set-up, the equivalent circuit is shown in Fig. 5(b) , where and are the measured capacitance and conductance, respectively. The following equations relate these quantities [16] :
where is the measurement frequency. For small values of and (small leakage at reverse bias) and at low frequencies , . In our case here, ( 20 k and the leakage conductance ( 1-5 10 ) were both rather significant. The junction capacitance, , as a function of voltage should be corrected using versus (6a) and (6b). The corrected versus results for Schottky diodes at three different etch-depths are shown in Fig. 6 . It can be seen that at a reverse bias ranging from 0 to 5 V the corrected relationships slightly curved up. For large acceptor concentrations of about 10 cm in the p-GaN, reverse biasing the diode from 0 to 5 V should only increase the depletion width by 100-200 Å (based on measurements of ). For this reason, the acceptor concentration can be assumed to be rather constant within such a small distance. Using the quasilinear part from 0 to 4 Vwe obtained an acceptor concentration of (1.67 0.31) 10 cm , (1.44 0.21) 10 cm and (0.73 0.08) 10 cm at depths of 150 Å, 1200 Å, and 5000 Å, respectively. These concentrations were the average values obtained from seven diodes at each depth, and in reasonable agreement with the value concentration obtained by curve-fitting Hall effect results for the entire p-GaN layer to (1) showed in Table I . It is well known that RIE can cause surface damage during etching, thus creating surface states and modifying the Schottky barrier height [17] , [18] . The apparent barrier heights were extracted frommeasurements, yielding values of 2.44 eV, 3.57 eV, and 2.53 eV for curve, 1, 2, and 3 in Fig . 6 , respectively. While these values were in general agreement with the expected barrier height 2.5 eV of Ni/p-GaN, however, the barrier height may have been modified by the processing dependent surface states [17] , [18] . On the other hand, acceptor concentrations can still be deduced by -measurements at the edge of depletion region at reverse bias. For the case of Ni Schottky diodes on p-GaN with acceptor concentrations of around 1-2 10 cm , the depletion width was estimated to be about 200 Å, much larger than the penetration depth of the ions into the sample during our RIE condition, estimated to be 20-50 Å using the TRIM 2000 code simulation [19] , [20] at a plasma potential of 180 V. The acceptor concentrations can, therefore, be extracted from -measurements with reasonable accuracy to a depth region of 200 to 400 Å from the surface, with reverse bias ranging between 0 and 5 V. RIE etching of the samples did not appear to affect the use of -measurements for the determination of acceptor concentrations. Based on the acceptor concentration obtained by -measurements at each depth, values of 0.018 eV, 0.017 eV, and 0.012 eV were obtained using (5) . These values of based on , obtained by -measurements, however, were 6 to 11 times smaller than those obtained from --measurements, suggesting that the -behavior was significantly affected by the defect-assisted tunneling [15] . These differences in suggested that surface damage may have occurred due to RIE, which increased the carrier tunneling probability. The results obtained from -, --and Hall effect are summarized in Table I . Both the high value of acceptor concentration obtained by the -measurements, and the high value of obtained by --measurements in the surface region strongly suggested that the leaky quasiohmic -behavior of the Ni Schottky diodes on as-activated p-GaN layers is primarily due to a highly doped/defective surface layer.
IV. SUMMARY
The origins of the leaky characteristics of Schottky barrier on p-GaN grown by MOCVD were investigated. The as-grown samples did not show any electrical activities using Hall measurements. Ni Schottky diodes made on activated the p-GaN layer showed quasiohmic behavior. Upon sequential etching of the sample to remove a layer of 150 Å to 5000 Å of GaN from the sample surface, the Schottky diodes became rectifying. The temperature dependence of the -curves suggested a transport mechanism primarily due to tunneling of carriers to an etch depth of at least 5000 Å from the surface. Capacitance-voltage measurements indicated an acceptor concentration of 1.7 10 cm within the top 150 Å from the surface and decreased to 7.3 10 cm to a depth of 5000 Å. Based on these experimental results, the leaky -characteristics, commonly reported in the literature, was likely due to a highly doped and/or highly defective surface layer, resulting in carrier transport by tunneling across the Schottky barrier.
